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ABSTRACT
Heterogeneity in ocean patterns is at once intriguing and problematic. Processes
such as primary production or mixing occur on a range of scales in time and in space;
variability must be captured at appropriate scales with tools flexible enough to detect
ehanges in pattern-generating processes. Frontal and fractal analyses were applied to
satellite-derived sea surface temperature and ocean color imagery to describe patterns in
Northwestern Atlantic shelf and slope seas. On a seasonal scale, climatological thermal
fronts were most frequent in winter and were found on the continental shelf south of the
NY Bight and alongshore in the Gulf of Maine. Summer thermal fronts were least
numerous and were concentrated north of the NY Bight around Georges Bank and the
Scotian Shelf at the entrance to the Gulf of Maine. Ocean color fronts showed similar
frontal frequencies but different distributions: fewest fronts in fall/winter, concentrated in
the southern Mid-Atlantic Bight, and distinctive summer fronts along the middle MidAtlantic Bight shelf as well as around Georges Bank. Maps of jointly occurring thermal
and ocean color fronts outlined regions where biophysical coupling may be strongest: in
winter along the shelf break from Cape Hatteras to Chesapeake Bay, and in summer in
the Georges Bank/Nantucket Shoals domain. These occurrences were both linked to high
plant biomass. On a mesoscale, monthly maps of ocean color fronts were more spatially
isolated and discrete, while temperature fronts were more diffuse. Region-wide, monthly
AVHRR and CZCS gradients generally trended with frontal activity; both gradients and
fronts decreased as spring progressed to summer. Fractal analysis results lead us to
accept the hypothesis that fractal models describe temperature (SST) and chlorophyll
(CHL) patterns in semi-enclosed regions such as a warm-core ring and the crest of

Georges Bank. As warm-core ring 82b aged from April to June its CHL patterns
converged to resemble its SST patterns. Three scenarios were suggested concerning the
prediction of SST-CHL patterns: a strong mixing regime leads to similar CHL-SST
patterns, regardless of biological activity; a low mixing/high growth regime leads to
different CHL-SST patterns; and a low mixing/low growth regime leads to similar CHLSST patterns.
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PREFACE

This dissertation is presented in Manuscript Format. The first manuscript, A
Comparison of Surface Temperature and Chlorophyll Frontal Boundaries in
Northwestern Atlantic Shelf and Slope Seas, has been submitted to Marine Ecology
Progress Series. The second manuscript, Frontal and Fractal Analyses of Surface
Temperature and Ocean Color Maps: Monthly Trends and the Evolution of Warm-Core
Ring 82b, will be submitted in the near future. Appendix A contains introductory
material to the dissertation. Appendix B contains more detailed discussion of fractal
.theory and describes a study of its application to remote sensing oceanography.
Many of the patterns described in this work are best seen in color. By
requirement, the original dissertation is in black and white; readers are encouraged to
view copies that contain color figures.
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Chapter 1: A comparison of surface temperature and chlorophyll frontal
boundaries in northwestern Atlantic shelf and slope sea
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ABSTRACT
Fronts are unique regions that provide structure in the continuously varying
ocean; tenacious fronts may demarcate domains distinctive in their biophysical
properties. An edge detection algorithm was applied in a frontal study to seasonal
climatologies of AVHRR and CZCS data for waters off the U.S. northeast coast.
Thermal fronts were most numerous and frequent in winter and were found on the
continental shelf south of the NY Bight and alongshore in the Gulf of Maine. Summer
showed the reverse pattern: fronts were least numerous and were concentrated around
Georges Bank and the Scotian Shelf at the entrance to the Gulf of Maine. Ocean color
fronts showed similar frequencies but different distributions: fewest fronts in fall/winter,
concentrated in the southern Mid-Atlantic Bight, and distinctive summer fronts in the
middle Mid-Atlantic Bight as well as around Georges Bank. Maps of jointly occurring
thermal and ocean color fronts outline regions where biophysical coupling may be
strongest: in winter along the shelf break from Cape Hatteras to Chesapeake Bay, and in
summer in the Georges Bank/Nantucket Shoals domain. These occurrences are both
linked to high plant biomass. We suggest the winter concurrent frontal region is
influenced by the winter 'bloom' in the southern region, and the summer frontal regions
mark the extent of shallow, tidally-mixed areas that provide optimal light and nutrient
conditions to allow a high standing plant stock. This latter condition exists year round
over Georges Bank/Nantucket Shoals, but stands out as a singular feature in the generally
poor chlorophyll concentrations of summer.

KEY WORDS: Biophysical coupling, Fronts, Chlorophyll, Sea surface temperature
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INTRODUCTION
Many intriguing occurrences have been reported at horizontal ocean fronts:
enhancement of plankton biomass, aggregation of fish and fishermen, increase in nutrient
concentrations, confluence of surface and deep waters. Fronts have been described or
interpreted as boundaries between ecosystems (Yoder et al., 1994), regions of mixing
between water masses (Churchill et al., 1993, Churchill and Cornillon, 1991), or
ecosystems of their own (Le Fevre, 1986). In the dynamic northwestern Atlantic all these
scenarios are plausible. Hydrography is strongly influenced by the eastward flowing Gulf
Stream, which forms -22 warm core rings per year as well as eddies and filaments that
occasionally reach slope waters (Auer, 1987). Other permanent features structuring the
region include a counterclockwise circulation in the Gulf of Maine, a tidally-induced,
clockwise gyre around the highly productive waters of Georges Bank, and the oscillating
shelf-break front, where shelf and slope waters are mixed. Seasonal features also affect
frontogenesis: the recurring temperate water paradigm of the winter-spring bloom; spring
freshening of shelf waters by river runoff, which helps establish stratification; summer
southwesterly winds leading to local coastal upwelling; and vertical mixing of shelf
waters brought on by increasing winds and convective overturn in fall.
Frontal regions are structural elements that can have important influences on
production. In the shelf waters of the North Sea, fronts have been conceived of as regions
dividing stratified from mixed water, and the structural hydrography of the partitioning
has been hypothesized to provide unique settings of balanced nutrient and light
conditions for high primary production (Halligan, 1981). A similar conclusion was
reached for a summertime front showing enhanced phytoplankton growth in the Mid3

Atlantic Bight U.S. shelf waters (Marra et al., 1990). Model results (Franks and
Walstad, 1997) have shown that subsurface chlorophyll patches associated with fronts
depended on the cross-frontal nutrient gradient, depths of the euphotic zone and the front,
and the phytoplankton sinking rate. Cross-frontal winds isolated the patches from
mixing forces, and led to high f-ratios within the patch, indicating new production.
Frontal dynamics can also accumulate and sequester organisms. In some cases this has
had detrimental implications, such as the formation of harmful algal blooms (Tester and
Steidinger, 1997, Silke and Jackson, 1993, Soucek and Marshall, 1993); in other cases it
has facilitated studies of fish distribution, such as the concentration of cod larvae and
increased phyto- and zooplankton abundances along a front in the Skagerrak-Kattegat
(Munk et al., 1995). Structure and function can be considered complementary aspects of
an ecosystem. Our goals are to provide a quantitative assessment of shelf and slope sea
physical and biological frontal structure using edge detection and statistical techniques,
and to refine ideas about structure-generating processes on a climatological time scale.
The remote sensing database, with its extensive spatiotemporal coverage, is well
suited for large scale, quantitative identification of surface ocean fronts. Recently,
temperature fronts have been studied using Advanced Very High Resolution Radiometer
(AVHRR) imagery (Ullman and Cornillon, in press, Kahru et al., 1995). A
comprehensive venture for identifying phytoplankton fronts, using the Coastal Zone
Color Scanner (CZCS) database of chlorophyll distributions, has not to our knowledge
been undertaken. We apply an edge detection algorithm developed at the Graduate
School of Oceanography (GSO) to the CZCS climatology for the U.S. northeast waters.
The edge detector offers a statistical means by which frontal boundaries are delineated,
4

thereby providing, for the purposes of this paper, an unambiguous definition for the word
'front'. We compute climatological seasonal maps showing frontal locations within the
CZCS and A VHRR databases in a comparison of biological and physical boundaries, and
attempt to clarify why these frontal locations may concur or diverge.
METHODS
Satellite imagery
The satellite data set consisted ofNOAA's TIROS-AVHRR Pathfinder and
NASA's Nimbus-7-CZCS satellite products, which provide sea surface temperature
(SST) and chlorophyll (CHL) distributions (Gordon and Clark, 1981), respectively. The
AVHRR and CZCS climatologies were developed from GSO's 1-km resolution image
archive for the U.S. east coast. Images were atmospherically corrected and remapped
from satellite coordinates to a Cylindrical Equal Area projection extending from 33N to
44N and from 76W to 62W (Figure 1), using University of Miami's DSP software and
Matlab 4.2 for Unix. An automated cloud removal algorithm was applied in the final step
before edge detection (Cayula and Cornillon, 1992). More than 1000 CZCS images
between 1978-86 and over 6000 AVHRR images between 1985-1990 were used in the
study (Table 1). The relative shortage of CZCS scenes does not make the edge detection
output less accurate, but it is possible that existing chlorophyll fronts were not found
simply due to lack of data. At this time the AVHRR Pathfinder SST values are under reprocessing to provide data that are more consistent with calibration factors
(http://podaac.jpl.nasa.gov/sst/, 1999); Pathfinder data prior to 1985 is not currently
available.

5

Edge Detection
Satellite images were processed through a multi-image edge detection algorithm
that was developed for AVHRR SST imagery of shelf, slope, and oceanic waters off the
northeast U.S. coast (Cayula and Cornillon, 1995); slight modifications were made before
applying it to CZCS CHL data. The algorithm was designed to work with a time series of
images and operates at three levels: an image level that computes probabilities of finding
clouds, a window level that computes probabilities of finding fronts, and a local pixel
level that computes probabilities of finding an edge. 'Edge' is used to mean a pixel or set
of pixels that constitutes a front when joined with other such pixels, i.e. a segment of a
front. The authors give an excellent depiction of the algorithm; here we elaborate briefly
on the front-finding steps because an understanding of this definition of 'front' is crucial
to interpreting the results.
The first step consists of a moving window histogram analysis. The shape of the
histogram of temperature or chlorophyll values in a given window of the image is used to
determine its modality-if

it is bimodal, the minimum value between the curves is

marked for further edge determination; if it is unimodal, then an edge is not likely to
exist. The size of the window is an important parameter; it must be large enough to
provide reliable statistics, but small enough to prevent other edges or clouds from
interfering with the histogram shape. Here a 32x32 pixel window was used; the
algorithm is robust to changes in window size from 16x16 pixels to 64x64 pixels (Cayula
and Comillon, 1992).
In step 2 a cohesion statistic determines the probability that a given pixel contains
an edge by comparing within-curve variance to between-curve variance in the histograms
6

that were identified as bimodal. A histogram with low within-curve variance and high
between-curve variance is a good edge candidate. At this step certain pixels are
positively marked as edge pixels.
The final step is a contouring procedure that connects the previously identified
individual edge pixels into a continuous front. Thus the algorithm relies on histograms
rather than gradient analysis to delineate local 'populations' of temperature and
chlorophyll. A statistical population analysis is probably more likely to find fronts
between water types or masses than is a gradient analysis, since the importance of a
gradient is relative to the larger gradient field around it. In other words, there are
gradients everywhere, existing on a continuum, and the task of choosing which gradient
to use for analysis is an arbitrary one.
Frontal Frequency Maps
The edge detector created a frontal picture for each daily satellite image that
showed locations of SST or CHL fronts. The frontal pictures were then composited to
form four climatological seasonal pictures which showed the probability that a given
pixel contained an edge, or part of a front. Probabilities were calculated by counting,
over the seasonal time series, the number of times a cloud-free pixel was identified as an
edge, divided by the number of times the pixel was cloud-free. Seasonal probability
pictures were 3X3 median filtered and multiplied by 100 for percentage units. A pixel
value of 10%, e.g., means that a front was identified there 10% of the time. Because of
the discrepancy in number of images available between the two satellite data sets, a 10%
CHL frontal frequency may not have the same statistical importance as a 10% SST
frontal frequency. A further complication, especially in the CZCS image series, is that
7

cloud-free instances decrease sharply away from the coast (Figure 2). A bootstrap
method (Efron and Gong, 1983) was used to compute confidence intervals on frontal
probabilities for a given N =#of cloud-free counts. Since each pixel contained a
different N, a frontal probability map was screened for significance on a pixel-by-pixel
basis. A plot of minimum significant frontal frequency as a function of N shows that
given enough cloud-free occurrences (i.e. more images), all fronts found will be
statistically significant, regardless of frequency (Figure 3). Note that this plot expresses
the statistical significance of a probability density function, which differs from the
significance of the probability of finding a front or edge pixel, as described in a previous
section about the cohesion statistic. To identify regions where temperature and
chlorophyll fronts coincide, joint frequency maps were produced for each season by
identifying pixels where frontal frequencies for both CHL and SST maps were
significantly greater than zero (at 1 standard deviation).
All the CZCS images listed in Table 1, as well as the 1985 AVHRR images, were
seasonally averaged to produce mean chlorophyll and temperature distributions for the
study area. Note that a composite map of fronts, containing overlain frontal results from
many daily images, differs greatly from a single map of fronts produced from a single
mean seasonal image.

Winds
Mean monthly wind stress was calculated from National Data Buoy Center
climatological data for three stations in the study area: station 44011 on the southeast
flank of Georges Bank (1984-93), station 44025 off the Hudson River Estuary (1975-93),
and station 44012 off of Delaware Bay (1984-92). Wind stress is an index of wind8

induced frictional force acting on the water surface, and is proportional to the square of
the wind speed, according to:
t = Cd raW2
where Cd is the dimensionless drag coefficient (~.0014 for wind speeds< 10 ms·'; Large
and Pond 1981), ra is the density of air (1.3 kg m •3), and Wis the wind speed (ms·').
Monthly wind stress was then weighted by directional frequency, or the fraction of the
time that a given stress was exerted in a specific direction. Vectors from each of 12
compass directions of weighted monthly wind stress were added, resulting in a single
vector, for each month, whose magnitude is mean wind stress and whose angle denotes
mean wind stress direction.
RESULTS
Mean Seasonal A VHRR and CZCS maps

For seasonal maps of SST and chlorophyll distribution, 885 AVHRR images from
1985 and 1120 CZCS images from 1978-86 were averaged (Figures 4 and 5). Note that
these seasonal maps depict average trends, whereas the frontal maps are seasonal
composites, not averages, of daily edge pictures.
Winter (Jan-Mar) was the season of coldest temperatures and also high
phytoplankton biomass. The mean SST map showed the coldest water (<4°C) in shallow
regions: near the coast, east of Nova Scotia, over Nantucket Shoals, and within the 60 m
isobath over Georges Bank. The rest of the shelf water was 8-10°C, slope water 12-l 6°C,
and the Gulf Stream >20°C. At the Cape Hatteras bend, where isobaths are in close
proximity, SST increased from 8°C to 24°C within 40 km from shore. The mean CZCS
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map depicted highest chlorophyll values (>5 mg m -3) in the coldest areas. The entire
shelf inside the 200 m isobath contained> 1mg m -3 chlorophyll, slope waters < 0.5 mg m

-3,and Gulf Stream waters< 0.2 mg m- 3 . In the Mid-Atlantic Bight, highest near-surface
chlorpohyll concentrations, as measured in situ (O'Reilly and Zetlin, 1998) and by the
CZCS (Yoder et al., submitted), generally occur after year day 300 (October 27) and
before year day 100 (April 10). Thus, highest concentrations occurred during fall and
winter and lowest concentrations during spring and summer, as we defined the seasons in
this study.
In spring (Apr-Jun), shelf surface temperatures began to homogenize and warm as
stratification strengthened, reaching 10°C in the Gulf and l 2- l 6°C south of Cape Cod.
Half of the annual river runoff occurs in the Mid-Atlantic Bight in this season, strongly
influencing thermocline development. Slope waters reached 20°C, and the Gulf Stream
exceeded 25°C. High chlorophyll (> 1 mg m -3) was restricted to within the 50 m isobath
except in the Gulf, where it was found over deeper water as well.
Summer (Jul-Sep) was the season of highest surface temperature and lowest plant
biomass. Surface isotherms that paralleled the coast for most of the year were reoriented east-west. Gulf and Georges Bank waters were> l 5°C; at the latitude of Long
Island, waters from the coast out to open ocean exceeded > 20°C; below that was a band
of25°C water, and south of that a meander of30°C Gulf Stream water was seen.
Summer chlorophyll values were the lowest of the year: the outer shelf supported< 0.5
mg m -3, and high values existed only over the central parts of the Bank, the Shoals, in the
northern Gulf, and within the various bays, sounds, and estuarine systems of the Mid-
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Atlantic Bight. Gulf Stream and Sargasso waters contained their lowest CHL
concentrations of the year (<0.1 mg m •3).
Fall (Oct-Dec) isotherms re-established a general alongshore orientation, and the
entire shelf was cooled to ~ 15°C. The Gulf of Maine cooled such that surface
temperatures were similar to those over Georges Bank, Nantucket Shoals, and the Scotian
Shelf. CHL maps showed values exceeding 1 mg m •3 everywhere inside the shelf-break.
Chlorophyll and Temperature frontal frequencies

Distinct seasonal frontal signals with frequencies up to 15% were discovered in
both chlorophyll and temperature data sets as a result of applying the edge detector. A
single front drawn on a daily image is variable in length but usually one pixel thick. A
persistent seasonal frontal structure typically has a width of 10-20 km with highest
frequencies at its core (along the longitudinal axis) and lower frequencies at the
peripheries. This is due to the shifting of the front over time and subsequent compositing
of all frontal maps in a given season: as the front oscillates it occupies the intermediate
areas more often than the extremes. The most persistent fronts were found at the shelfbreak (200 m isobath), over Georges Bank and Nantucket Shoals, and around the bend of
Cape Hatteras (Figures 6 and 7). Joint frequency maps show that SST and CHL fronts
were most similar in spring/summer and least similar in fall/winter (Figure 8 and Table
2). To test for the presence of SST-CHL fronts that were coincident but slightly offset in
space, each frontal map for a given season was dilated before being combined to form the
joint frequency map, i.e., an 8 pixel neighborhood was added to each frontal pixel to
expand it while preserving its central axis. As a result, a CHL and an SST front that were
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alongside one another or separated by a non-frontal pixel would now be detected in the
joint frequency map. Compared to the original joint frequency maps, the post-dilation
maps showed a thickening of the concurrent fronts, in a sense rendering them in boldface,
but did not produce any new fronts. Seasonal details follow:
Winter. SST fronts were commonly found along the entire length of the shelfbreak (5-6% frequency), on the continental shelf following the 50 m isobath line, along
the western flank of Nantucket Shoals, and along the coast in the Gulf of Maine. The
highest frequency chlorophy 11fronts occurred around the Cape Hatteras bend (> 10%) and
extended over the continental shelf following the 50 m isobath line as far north as
Chesapeake Bay. CHL fronts were also marked but less visible around the crest of
Georges Bank (8-10% ), and close to the Scotian shelf in the eastern Gulf of Maine (68%). Areas of joint frontal frequencies occurred primarily where CHL fronts were found.
There was a widespread absence of concurrent SST-CHL fronts over the entire shelf,
Georges Bank, and the Gulf of Maine. Climatological monthly mean wind stress was
approximately the same at all three marine buoy stations: southwest stress from October
through March, with magnitudes twice those of spring and summer (Figure 9). Strongest
wind stress occurred in winter and may have played an important role, along with salinity
changes (Ullman and Cornillon, in press), in the formation of multiple SST shelf fronts.
Spring. SST fronts appeared along the shelf-break, particularly along the
southern flanks of Georges Bank (>6%) and Nantucket Shoals (2-6%), and around the
Cape Hatteras bend(> 10%). Wind stress was variable in Apr-May and toward the
northeast in June with magnitudes less than half those of fall and winter. Diminishing
winds and runoff-induced stratification facilitate surface warming, which may explain the
12

disappearance of SST shelf fronts in the Mid-Atlantic Bight. The thermal boundary
separating the Gulf of Maine from Georges Bank was found to be weak (2-3%),
suggesting comparatively free exchange of surface waters before summer intensification
of circulation over the Bank begins. Chlorophyll fronts were common at the Cape
Hatteras bend (>12%), along the western flank of the Shoals (10%), around the crest of
Georges Bank, and off the Scotian coast in eastern Gulf of Maine. Weaker fronts (2-4%)
occurred along the shelf of the Mid-Atlantic Bight, inshore of the 50 m isobath. Joint
SST-CHL fronts were found mainly where CHL fronts occurred, with the exception of
the Mid-Atlantic Bight shelf. The northern edge of the Gulf Stream appeared as a fairly
cohesive joint-frontal region. On the SST frontal map the Gulf Stream edge can be
approximated by a shift in frequency from 2% in the slope water to 1% or less (not
significant) in the Stream itself.
Summer. SST fronts were found around the periphery of Nantucket Shoals (610%), the northern flank of Georges Bank (6%), the northeastern comer of the Gulf of
Maine at the entrance to the Bay of Fundy, and along the 200 m isobath from south of
Cape Cod to the southeastern tip of the Bank. The spring shelf-break front in the MidAtlantic Bight has been erased. The Gulf of Maine was divided in half by a thermal
boundary, providing evidence for distinct eastern and western gyres, which are thought to
develop under the influence of freshwater inflow (Brooks, 1996). The ring of fronts
around the periphery of Georges Bank was broken at the northeast channel, where surface
waters are believed to flow in from the Gulf and the Scotian shelf and contribute to
seasonal density differences (Flagg, 1987). Chlorophyll fronts were found at the crest
and southern flank of the bank (7-8%), the western edge of the Shoals (5-7%), around the
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Cape Hatteras bend (> 10%), and along the shelf-break between Delaware Bay and the
Hudson Estuary (up to 5%). Joint frequencies were concentrated in the Bank and Shoals
area, where high biomass corresponded to cold waters. Mean wind stress was light and
toward the northeast.
Fall. SST fronts appeared along most of the length of the 200 m isobath (up to
6%), inshore of the 20 m isobath from Long Island to Chesapeake Bay, and immediately
south of Cape Cod (7-8%). The rest of the shelf in the Mid-Atlantic Bight, as well as
most of Georges Bank and the Gulf of Maine, was free of fronts. Chlorophyll fronts were
restricted to the Cape Hatteras bend (> 10%) and to a small region along the shelf-break
off Chesapeake Bay, in a close resemblance to the winter scenario. Joint frontal
frequencies occurred mainly where CHL fronts appeared. Mean wind stress was shifted
toward the southeast and in magnitude was similar to winter.
DISCUSSION
The edge detector defines fronts as boundaries between statistical populations of
either temperature or chlorophyll, as they appear in histograms. This contrasts with the
gradient approach, where a front is identified if it surpasses a pre-assigned gradient
strength (e.g. Holland and Yan 1992). The statistical population approach is objective
and flexible, in accordance with the sometimes subtle changes between water masses.
Just as one looks for spatial coherence on a T/S diagram when identifying water masses,
the edge detector looks for spatial coherence in temperature or chlorophyll histograms
when finding fronts. We believe that fronts found by this method are likely to separate
waters with different hydrological and perhaps biological properties, and indeed, highfrequency fronts were found separating shelf and slope waters, and Georges Bank's
14

recirculated water from the surrounding Gulf of Maine to the north and slope water to the
south. In some situations the results from both front-finding methods will converge, such
as where horizontal gradients are strong, but the results are most likely to diverge where
gradients are subtle, e.g. during the stratified season.
In the SST analysis fronts will appear in an area of non-uniform surface water
temperatures. This can occur when colder Scotian shelf water enters the Gulf of Maine,
or when mixing occurs to form a new water temperature, such as when warm core rings
impinge on the southern edge of Georges Bank (Garfield and Evans, 1987), or when
streamers from the Gulf Stream enter and mix with slope water (Churchill et al., 1993).
To mediate the local heating/shading effects of sun/clouds (most troublesome in summer
over the Gulf Stream, Stramma et al., 1986), nighttime as well as daytime imagery was
included in the SST study. In the CHL analysis fronts will appear where plant biomass
varies. Advection or diffusion of plants can cause biomass variations, but there is also
the consideration of growth, as cells replicate, and death, either from decay or grazing.
Regulation of growth and death is effected by complex interactions between amounts of
sunlight, nutrients and predators. Over a seasonal cycle, differences between SST and
CHL frontal maps can indicate areas where growth and death of phytoplankton cells
consistently rework the patterns dictated by thermal changes. Our results showed that
spring and summer were the seasons of greatest concurrence of SST and CHL fronts,
while the least similar frontal patterns were found in fall and winter. We expand on
winter and summer patterns below.
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Winter
Thermal and chlorophyll fronts were least similar in winter - areas of high
frequency SST fronts such as the continental shelf, the shelf break, and coastal Gulf of
Maine region contained almost no CHL fronts, while the crest of Georges Bank exhibited
CHL fronts but was devoid of SST fronts. Winds are at their strongest in winter and
arrive from the northwest -not upwelling favorable in this region-and

insolation is at its

lowest. In a more detailed look at the temperature fronts in this region, Ullman and
Cornillon (in press) suggest that inner shelf fronts separate a coastal salinity signal from
the mid-shelf, while mid-shelf (50 m isobath) fronts are significantly linked to wind stress
from the northwest, i.e. winds blowing directly offshore. The abundance of winter shelf
fronts contrasts to the comparative paucity in other seasons, and it is worth investigating
their ecological role. Positioning of nearshore salinity fronts in the northwest
Mediterranean has been correlated to fish larvae distribution and species separation
(Sabates and Olivar, 1996). In the Mid-Atlantic Bight plank.tonic molluscan distribution
was grouped into four communities based on multivariate analysis of taxa and
thermohaline signatures (Vecchione and Grant, 1983).
Almost no CHL fronts were found over the entire shelf. National Marine
Fisheries Service in situ data from the Marine Resources Monitoring, Assessment, and
Prediction Program (MARMAP) for a 12-year period (1977-88) showed vertical seasonal
isochlors and high CHL concentrations over Northeast U.S. shelf regions for most of the
season (O'Reilly and Zetlin, in press); presumably deep nutrients were being supplied to
the surface and plant growth was not nutrient-limited. While there was a widespread
surface trend in our satellite maps of higher CHL nearshore that tapers offshore, the
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absence of horizontal fronts suggests that these gradients are smooth rather than abrupt.
The overall picture is one of persistently high shelf CHL throughout, with no extremes in
concentration.
The major wintertime SST-CHL concurrent frontal region was found at the shelf
break from Cape Hatteras northward just past Chesapeake Bay (Figure 8a). MARMAP
data showed increasing CHL concentrations (4 - 16 mg m -3) inshore of this front
beginning as early as Jan-Feb as well as low phaeopigment fractions (<30%), indicating
strong plant growth and low grazing pressure (O'Reilly and Zetlin, in press). This
particular front in all likelihood marks the boundary between 'bloom' biomass on the
southern shelf and lower CHL concentrations in the slope sea. The corresponding
temperature front separates cold coastal water from the Gulf Stream at the latitude of the
Cape; farther north the SST front moves on-shelf and is aligned with the 50 m isobath.
This SST-CHL frontal region, which extends over 200 km along the shelf-break, may be
important in spatially structuring the southern shelf ecosystem; the presence of a
boundary marked by physical and biological parameters suggests a coherent, internally
consistent, ecological space.
The second Shelf Edge Exchange Processes study (SEEP-II) sampled this region
extensively and concluded that the vast majority of biogenic particulate matter remains on
the shelf in the southern Mid-Atlantic Bight, where microbial oxidation plays an
important role in regeneration, rather than being exported to slope waters as previously
hypothesized (Biscaye et al., 1994, Walsh et al., 1981). Vertically-averaged advective
transport of phytoplankton at 90 m was even found to be slightly onshore, suggesting an
importation of primary productivity (Wirick, 1994). Studies near the shelf-break off
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Cape Hatteras have reported high deposition rates leading to the formation of dense
infaunal (deep burrowing deposit feeders) and benthic megafaunal (anemones, demersal
fish) communities that are unique in their species composition (DeMaster et al., 1994,
Hecker, 1994). Inarguably the picture that begins to emerge of the southern MidAtlantic Bight shelf describes a rich ecosystem with strong pelagic-benthic coupling, the
borders of which are indicated by the frontal maps-the

Gulf Stream to the south and the

shelf-break to the east. It is not apparent why the joint SST-CHL front ends at the
latitude of Chesapeake Bay. There was no evidence amongst the 238 daily CZCS winter
images of enhanced biomass flowing from the mouth of the Bay, and only 3 images
showing high shelf CHL south of this putative border and low shelf CHL north of it.
Interestingly, the northern border of this front is also the southern border of a
summertime Mid-Atlantic shelf-break SST-CHL front (discussed below).
Summer

SST and CHL frontal patterns were most similar in summer, when the greatest
concurrence was found primarily over Georges Bank and the southwest periphery of
Nantucket Shoals (Figure 8c), both of which are shallow regions subject to vigorous tidal
mixing. Stratification is strongest in summer, and although mean winds were upwelling
favorable, any upwelling events they induced, at least on the shelf, must have been
episodic since no cold thermal signals persist in the climatology. Temperature fronts
were almost nonexistent over the shelf; even the shelf-break produced no signal between
Cape Hatteras and Delaware Bay. Satellite maps showed temperature bands aligned eastwest, following the Gulf Stream rather than the coastline - an indication of the strong
latitudinal effects of solar heating. CHL concentrations were the lowest of the year, with
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highest CHL appearing nearshore in the Mid-Atlantic Bight and over Georges Bank. In
situ surface layer isochlor profiles were horizontal in most areas of the study region in all
years except over the Bank (O'Reilly and Zetlin, in press), and Nantucket Shoals, where
tidal interactions propel vertical movement (Lime burner and Beardsley, 1982).
The region of the southern Mid-Atlantic Bight shelf-break that produced an
unequivocal joint frontal signal in winter now shows the reverse pattern of a widespread
lack of frontal activity (Figure 8c). The breakdown of the thermal front, which begins in
late spring, is thought to be a decisive factor in the successful migration of larval and
juvenile bluefish from South Atlantic Bight spawning grounds to Mid-Atlantic Bight
nurseries (Hare and Cowen, 1996). The scenario involves Gulf Stream-mediated
transport northeast away from the spawning grounds, following which the larvae reach
the Mid-Atlantic Bight shelf edge either by active swimming or with the help ofwarmcore ring streamers. Developing pelagic juveniles then swim across the shelf to reach the
nursing grounds, a behavior stimulated by the dissipation of the surface temperature front.
In a season where stratification is strong it appears that concurrent SST-CHL
fronts are produced only in areas of vigorous tidal mixing (or where the Gulf Stream
meets sharply sloping topography). In this scenario, vertical movement of colder deep
water accounts for the cold surface water on the Bank and Shoals, and the same
movement of nutrient-rich deep water into the euphotic zone contributes to a relatively
high (compared to off-Bank) standing stock of plant cells. The frontal signals bound
these areas. Primary production is highest over the Bank in summer, even though
biomass is lower compared to other seasons (O'Reilly et al., 1987), which also indicates
the importance of grazing pressure in shaping the plant distribution.
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Subsurface CHL maxima are often reported during summer stratification.
MARMAP ratios of subsurface/surface CHL were highest (> 16) over the mid-shelf in the
Mid-Atlantic Bight in summer and lowest (~ 1) over Georges Bank. Most subsurface
maxima occurred between 20-40 m over the shelf and obtained a bell-shaped profile.
Much of this biomass is probably not detected by the CZCS, which 'penetrates' to 1/Kd
(representing the depth where surface irradiance is reduced to 37%). For the typical CHL
concentrations of 0 .1, 1, and 5 mg m -3 away from turbid coastal waters, satellite
penetration depth would be 55, 20, and 5 m, respectively. Clearly there are subsurface
frontal features that are not detected by remote sensing methods, and it must be kept in
mind that these unseen phenomena also have important structural influences.
There is one area, however, where subsurface CHL maxima are possibly detected
and may be contributing to a persistent CHL front, namely at the Mid-Atlantic Bight shelf
break between Hudson Canyon and Baltimore Canyon, an extent of ~200 km. Moreover,
this CHL front occurred without a concurrent thermal signal. Summer stratification in
the Mid-Atlantic Bight is so well-established that the shelf/slope break produced no edges
in the SST frontal maps. The shelf was void of thermal fronts (Figure 6c), as it was in
spring, and the slope water, which contained a dense plain of fronts during the rest of the
year, is in summer free of boundaries. The CHL frontal map showed a discrete, persistent
front at the shelf-break (Figure 7c) that was bounded by the aforementioned canyons.
Although there was no corresponding signal in the mean seasonal CZCS summer image,
about 25% of the daily summer CZCS scenes that were cloud-free in this region do show
high CHL concentrations (> 1 mg m -3), with abruptly lower CHL seaward of the shelfbreak and just south of Delaware Bay (Figure 10). In some scenes there is clearly warm20

core ring/streamer activity contributing to the formation of the biomass front: a ring of
low CHL is sometimes found in slope water at this latitude, seemingly 'settled' against
the shelf-break (Figures 10a and 1Ob). The front may be due simply to the presence of
the low CHL ring contrasted against the high shelf CHL, or the ring may actively draw
coastal water seaward and enhance the biomass differential. However, warm-core rings
are found here in all seasons, and a more compelling reason for the front might be
localized upwelling leading to high biomass. The high CZCS CHL occurrences on the
MAB shelf were episodic, lasting one or two days, and too transient to interrupt the mean
seasonal pattern. A third reason may be subsurface: MARMAP summer profiles in the
Mid-Atlantic Bight consistently showed subsurface CHL maxima at 20 m depth; at 1 mg
m -3 concentrations it is feasible for the CZCS to detect these maxima, and thus possible
that frontal maps can provide partially depth-integrated information in areas not subject to
year-round tidal mixing. The reason for the southern limit of the front is not clear,
although it corresponds to the northern limit of the wintertime shelf-break joint SST-CHL
front, suggesting a valid cross-seasonal boundary. At the northern end of the summer
front the Hudson Canyon may serve as a channel for biomass outside the Hudson Estuary
system (Figures 10d, 10e, and 1Of).
An intriguing area where a frontal analysis has direct application is in the study of
marine mammal feeding grounds. The South Channel Ocean Productivity Experiment
(SCOPEX) described the annual springtime gathering of the endangered Northwest
Atlantic right whale population at the Great South Channel separating Nantucket Shoals
from Georges Bank (Kenney and Wishner, 1995), where the whales were found feeding
on extremely dense aggregations of copepods. The reasons for the copepod aggregations
21

are still not well understood but are thought to include a combination of advective forces
and behavioral swarming responses (Beardsley et al., 1996). The SST frontal maps
showed the formation of a thermal front developing along the northern side of the Great
South Channel beginning in spring; by summer the front occurred with increased
frequency and had established along the southern side of the channel as well, forming a
distinct X shape within the channel itself. The joint frontal frequency map confirms that
plant biomass was also patterned in a similar way, suggesting primary standing stock may
also be related to the aggregation of secondary production and hence indirectly to marine
mammals.
In summary, edge detection and satellite imagery make a good combination in a
first step toward understanding ocean frontal pattern and process. More detailed, smaller
scale studies would benefit from the coordination of hydro graphic and nutrient profile
data with the frontal results. We have shown that an automated edge detector
successfully finds fronts in satellite-derived surface thermal and ocean color maps that
agree with oceanographic features like the shelf-break and the clockwise flow around the
crest of Georges Bank. There were distinct seasonal differences in the frontal
distributions of both data sets. Winter was the season of the greatest number of thermal
fronts, especially over the continental shelf, but the least ocean color fronts. In spring
and summer, color fronts increased in number while thermal fronts were isolated to the
northern half of the study area, north of the New York Bight. Maps of concurrent
thermal/color fronts marked domains where biophysical coupling may be the strongest.
During the winter 'bloom' season concurrent fronts appeared along the shelf-break in the
southern Mid-Atlantic Bight, a region of strong pelagic-benthic coupling where shelf
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export of particulate matter has been shown to be very low. In summer, concurrent
fronts outlined the Georges Bank/Nantucket Shoals domain, which is characterized by
shallow depths, vigorous tidal mixing, and high plant biomass. These conditions exist
year round, but the high chlorophyll concentrations present a particularly remarkable
signal in the widespread low concentrations found in summer, and contribute strongly to
the shape of the concurrent front. This observation supports our point that boundaries or
frontal gradients cannot be defined in an absolute sense but should be considered in a
spatial as well as a temporal context.
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Table 1. Temporal coverage and number of images used for each satellite sensor.
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Table 1. Temporal coverage and number of images used for each satellite sensor.

years covered

czcs

AVHRR

1978-1986

1985-1990

season

# images

winter

238

1427

spring

322

1586

summer

322

1639

fall

238

1495
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Table 2. Absolute number and percentage of concurrent SST/CHL frontal pixels for each
season.
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Table 2. Absolute number and percentage of concurrent SST/CHL frontal
pixels for each seasonal composite image.

#frontal pixels

(#frontal pixels/#total pixels) X 100

winter

1162

.53%

spring

5767

2.7 %

summer

5471

2.5 %

fall

514

.24%
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Figure 1. A map of the study area. Land, 50 and 200 m isobaths shown in black, ocean
in gray, lat/Ion grid in white.
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Figure 2. Clear counts per pixel for CZCS climatology in a) winter (Jan-Mar), b) spring
(Apr-Jun), c) summer (Jul-Sep), and d) fall (Oct-Dec). Land, 50 and 200 m isobaths
shown in black; orange shadow along the coast is artifact of land masking procedures.
Colorbar indicates how many times each pixel was clear.
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Figure 3. Minimum frontal frequency that is significantly greater than zero as a function
of how many times a given pixel was clear; bar indicates 68% confidence interval.
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.

Figure 4. Mean seasonal AVHRR maps for 1985 for a) winter, b) spring, c) summer, and
d) fall. Land, 50 and 200 m isobaths in black. Colorbar on right has units of 0 C.
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35

Figure 5. Mean seasonal CZCS maps for 1978-86 for a) winter, b) spring, c) summer,
and d) fall. Land, 50 and 200 m isobaths in black. Colorbar on right has units of mg
chlorophyll m- 3 .
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Figure 6. Sea surface temperature fronts composited for a) winter, b) spring, c) summer,
and d) fall. Land, 50 and 200 m isobaths in black. Colorbar on right has units of
frequency: yellow= 10% frontal frequency.
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Figure 7. Same as for Figure 6, but showing chlorophyll fronts.

40

.; ··'·),;
·fr~•
. ........•1

12

- ,,,~
••
1'f'··:-·, ..:·•'

,.

.

.'

·,};·

,/

,.,- ~~--~~.\J~·.-:::
••/

~--

,h,...
\

,J''

,.,
:f

8

_;

4

... ,,

)

41

Figure 8. Joint frequency maps showing areas where SST and chlorophyll fronts jointly
exist. Land, 50 and 200 m isobaths shown in gray, ocean in white, and joint frequency
areas in black.
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Figure 9. Climatological monthly wind stress for a) station 44011 (41 °1' N, 66°6' W), b)
station 44012 (38°8' N, 74°6' W), and c) station 44025 (40°3' N, 73°2' W). Axis begins
in January; arrows are pointing as if being blown by the wind. Wind direction
corresponds to compass direction. Wind stress units in pascals; bar in upper right
indicates 0.05 Pa.
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AS

OND

Figure 10. Daily CZCS scenes for the Mid-Atlantic Bight in summer showing enhanced
shelf biomass for a) Jul 13, 1980, b) Jul 27, 1980, c) Aug 25, 1980, d) Aug 16, 1982, e)
Aug 26, 1982, and f) Sep 21, 1984. Long Island is at the top of each image; Chesapeake
Bay is at the lower left. Land, 50 and 200 m isobaths and clouds in black. Colorbar on
right has units of mg chlorophyll m •3 .
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Chapter 2: Frontal and fractal analyses of ocean color and temperature maps:
monthly trends and the evolution of warm-core ring 82b
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ABSTRACT
We investigate trends in spatial heterogeneity in satellite-derived ocean color
(CHL) and temperature (SST) maps by 1) applying an edge detection algorithm to locate
frontal areas on monthly scales and 2) applying a fractal model to investigate the role of
bio-physical coupling in the distributional patterns of semi-enclosed areas ringed by
fronts. Monthly CZCS fronts were more spatially isolated and discrete, while AVHRR
fronts were more diffuse. Region-wide, monthly AVHRR and CZCS gradients generally
trended with frontal activity; both gradients and fronts decreased as spring progressed to
summer. We accept the hypothesis that fractal models describe SST and CHL patterns in
semi-enclosed regions such as a warm-core ring and the crest of Georges Bank. As
warm-core ring 82b aged from April to June its CHL patterns converged with its SST
patterns. Three scenarios were suggested concerning the prediction of SST-CHL
patterns: a strong mixing regime leads to similar CHL-SST patterns, regardless of
biological activity; a low mixing/high growth regime leads to different CHL-SST
patterns; and a low mixing/low growth/low biomass regime leads to similar CHL-SST
patterns.
INTRODUCTION
An examination of satellite images of sea surface temperature and ocean color
leads to the conviction that there is information about ocean process inherent in the
synoptic spatial patterns. If it were possible to express those patterns with a simple
quantitative index, one could determine how similar the thermal and color patterns were,
and thus to what extent the flow field influences the phytoplankton distribution. Here we
attempt to quantify patterns in Coastal Zone Color Scanner (CZCS) and Advanced Very
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High Resolution Radiometer (AVHRR) time series using an edge detection algorithm and
fractal methods.
First we apply an automated edge detector designed for satellite imagery (Cayula
and Cornillon, 1995) to CZCS and AVHRR images from April through September of
1982. The edge detector provides maps of ocean color (CHL) and sea surface
temperature (SST) fronts, respectively, composited over a monthly time scale for
northeast U.S. waters from Cape Hatteras to the Gulf of Maine. Next, for a region whose
boundaries are well defined in the frontal analysis, namely warm core ring 82b, we apply
a fractal analysis to investigate ocean color and thermal structure within the ring. The
frontal analysis locates boundaries, and has been applied to thermal imagery in the Baltic
Sea (Kahru et al., 1995) and in the current northeast U.S. study area (Ullman and
Cornillon, in press), as well as to ocean color imagery (Chan and Yoder, submitted).
Since Gulf Stream rings form such a strong physical and biological contrast to their
surroundings, there is no question about their location, and we turn to fractal analysis to
infer pattern formation processes affecting phytoplankton distribution within the ring.
Fractals are complexly shaped objects whose patterns are scale-invariant (Mandelbrot,
1983); fractal statistics are appropriate for quantifying the irregular, non-Euclidean shapes
of nature. Fractal analysis has been used to measure the shape of marine snow aggregates
(Logan and Wilkinson, 1990), to show that the fractal geometry of small scale density is
related to the turbulent kinetic dissipation rate and buoyancy frequency in the thermocline
(Wijesekera, 1996), and to show that tropical rain and cloud areas are scale-invariant
over 6 orders of magnitude (Lovejoy, 1986).
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Fractal statistics have not yet been applied to remotely-sensed ocean data sets.
Comparison of CZCS and AVHRR data allow a test of the hypothesis that two objects
whose shapes are quantified by two different fractal dimensions were formed by different
processes. Warm-core ring 826, formed in February of 1982, was intensively studied
through the spring and summer months during the Warm-Core Rings Experiment. In
addition to hydrographic profiles, suspended particulate matter, nutrients, bacterial
biomass, and production and consumption were measured or calculated. Between
February and June, the ring gradually developed into a local biomass maximum in the
slope water, and the mechanisms underlying this change have been variously attributed to
in situ growth processes (Nelson et al., 1985, McCarthy and Nevins, 1986), or lateral
exchange processes (Olson, 1986), or both (Boyd et al., 1986). In this paper we apply
quantitative pattern analysis to add further insight into the factors controlling biological
distribution. Is it possible to study the shape of biological processes or the shape of the
flow field, as seen in satellite imagery? We formulate 4 hypotheses:
•

advective patterns representing the flow field can be characterized by a fractal
dimension in AVHRR imagery

•

in-situ growth or 'bloom event' patterns can be characterized by a fractal
dimension in CZCS imagery

•

fractal dimensions in a given pair of co-registered SST-CHL images will be
the same where advection is a dominant force in determining the biomass
distribution
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•

fractal dimensions in a given pair of co-registered SST-CHL images will be
different where phytoplankton growth is the dominant force in determining
the biomass distribution

The assessment of ocean structure is thus twofold: frontal analysis determines
locations of persistent fronts on a monthly basis and helps to identify 'quasi-enclosed'
ocean areas that are appropriate as case studies for fractal analysis. Fractal assessment of
imagery leads to a quantitative index of shape, both physical and biological, which is then
used to further an understanding of phytoplankton distribution.
METHODS

Satellite imagery
The satellite data set consisted ofNOAA's TIROS-AVHRR and NASA's
Nimbus- 7-CZCS satellite products (Gordon and Clark, 1981), which provide sea surface
temperature (SST) and an estimate of chlorophyll a type pigment (CHL) distributions,
respectively. The AVHRR and CZCS climatologies were developed from GSO's I-km
resolution image archive for the U.S. east coast. Images were atmospherically corrected
and remapped from satellite coordinates to a Cylindrical Equal Rectangular projection
extending from 33N to 44N and from 76W to 62W (Figure 1), using University of
Miami's DSP software and Matlab 4.2 for Unix. An automated cloud removal algorithm
was applied in the final step before edge detection (Cayula and Comillon, 1992).
Between April and September 1982, 110 CZCS images were used to create monthly
mean CHL images, and 452 AVHRR images in the same period were used to create
monthly mean SST images (Table 1).
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Edge Detection
Satellite images were processed through a multi-image edge detection algorithm
that was developed for AVHRR SST imagery of shelf, slope, and oceanic waters off the
northeast U.S. coast (Cayula and Comillon, 1995); slight modifications were made before
applying it to CZCS CHL data. The algorithm was designed to work with a time series of
images and operates at three levels: an image level that computes probabilities of finding
clouds, a window level that computes probabilities of finding fronts, and a local pixel
level that computes probabilities of finding an edge. 'Edge' is used to mean a pixel or set
of pixels that constitutes a front when joined with other such pixels, i.e. a segment of a
front.
Here we elaborate briefly on the front-finding steps because an understanding of
this definition of 'front' is crucial to interpreting the results. The first step consists of a
moving window histogram analysis. The shape of the histogram of temperature or
chlorophyll values in a given window of the image is used to determine its modality-if
it is bimodal, the minimum value between the curves is marked for further edge
determination; if it is unimodal, then an edge is not likely to exist. The size of the
window is an important parameter; it must be large enough to provide reliable statistics,
but small enough to prevent other edges or clouds from interfering with the histogram
shape. Here a 32x32 pixel window was used; the algorithm is robust to changes in
window size from 16x16 pixels to 64x64 pixels (Cayula and Comillon, 1992).
In step 2 a cohesion statistic calculates and compares within-curve variance to
between-curve variance in the histograms that were identified as bimodal. A histogram
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with low within-curve variance and high between-curve variance is a good edge
candidate. At this step certain pixels are positively marked as edge pixels.
The final step is a contouring procedure that connects the previously identified
individual edge pixels into a continuous front. Thus the algorithm relies on histograms
rather than gradient analysis to delineate local 'populations' of temperature and
chlorophyll.

Fractal analysis
Four SST-CHL image pairs of warm-core ring 82b (WCR 82b) were chosen for a
comparative fractal analysis: Apr 15, Apr 24, May 7, and Jun 9 (Figures 2 and 3).
A fractal is an object whose form is irregular or fragmented at all scales
(Mandelbrot 1983). The concept of fractal geometry can be applied to assess and
quantify the shapes of natural objects, which are decidedly non-Euclidean. For satellite
pixel images, a measure of complex shapes is defined by a dimension D:
Perimeter= Area(D/2)
where perimeter of a given patch scales as its area raised to half the dimension. After
measuring perimeter and area of all patches in the region of interest, the fractal dimension
D is found by measuring the slope of the regression line through a perimeter-area plot in
log space. In theory, a single slope indicates self-similarity in the patch geometries at all
scales plotted. A larger D indicates irregular shape; smaller D indicates smoother shape.
The dimension D is a simple spatial statistic that is capable of expressing complexities of
shape found in a patch mosaic: irregular, convoluted patches have higher perimeter:area
ratios, which results in a steeper slope and larger D when these two measurements are
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plotted together with area on the x-axis. Note that D is a kind of integrator of shape,
since measures of all patches in an image are plotted together, whether the patches are
one pixel large or cover most of the image. Here we are interested in comparative, not
absolute values ofD: how does the dimension of a CHL image compare to its SST pair?
The obvious question now is how are patches of CHL or SST defined? The
process involves reducing an image with 256 values (8 bit) to one with only 2 values (1
bit), where a pixel value of 1 represents a patch pixel, and 0 is a non-patch pixel. We
chose to statistically determine ranges of values within which pixels were switched to '1'
and outside of which pixels were switched to '0'. The low end of the range was defined
as one standard deviation below the mean for the image; the high end of the range was
mean plus one standard deviation (Figure 4). The range was the further divided into 10
equal increments, which represented the cutoff values within which pixels were defined
as patch pixels. An image has 10 patch definitions, in effect, resulting in the
measurement of 10 dimensions, which were averaged to produce a final D for that image.
In other words, the fractal dimension is measured for 10 different 'slices' of the
histogram. For example, for a SST image with mean temperature of 16.8 °C and S.D. of
0.8 °C, we define a range of 16.0 - 17.6, with increments of 0.16. For the first generated
binary image, all patch pixels contain those SST values between 16 and 16.16 (Figure 5).
The second binary image has patches containing SST values between 16.16 and 16.32,
etc. The same procedure was used to generate binary CHL patch mosaics (Figure 6).
After creating the binary images but before computing D, patches that touched the edge
of the image were removed, since the complete shape of those are unknown. A patch
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consisted of a set of contiguous (8 pixel neighborhood) pixels with a value of 1. Ten
black and white binary images were thus generated for the original SST image, and a
dimension measured for each one (e.g. Figure 7). The average of those 10 D values was
reported as the SST dimension, which was compared to the similarly averaged CHL
dimension using at-test to determine if the means were equal.

RESULTS
Monthly mean A VHRR and CZCS maps

The SST progression from April through September showed a region-wide
thermal increase, most dramatic in Gulf of Maine and shelf waters, which warmed from
4°C to >16°C (Figure 8). Nantucket Shoals, the crest of Georges Bank, and the Scotian
shelf remained the coldest regions in all months, reaching only 8 - 10°C in August and
September. Gulf Stream ring activity was evident; WCR 82b was clearly seen in April
and May, and showed up in daily images well into July.
The CHL monthly means progressed from 'bloom' conditions (> 1 mg/m 3) in
shelf and slope waters in April to widespread low CHL in July except for shallow areas,
to another high CHL episode in shelf waters in September (Figure 9). WCR 82b was
seen in April slope waters as a distinct minimum, containing CHL concentrations an
order of magnitude lower than its surroundings.
Monthly frontal maps

Monthly temperature and chlorophyll frontal composite maps for April through
September are shown in Figures 10 and 11. Large-scale patterns were found in both sets
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of maps, but there were significant differences as well. Both the cyclonic and
anticyclonic side of the Gulf Stream front downstream of Cape Hatteras were evident in
the temperature frontal maps during all months except August. In the chlorophyll frontal
maps only the cyclonic side of the front was seen (e.g. compare chlorophyll and
temperature maps for April and July). Chlorophyll fronts were found on the Mid-Atlantic
Bight shelf during August and September and were possibly associated with the Hudson
River plume, but were absent from the temperature frontal maps. In April and May,
chlorophyll, but not temperature fronts, were also associated with Nantucket Shoals south
of Cape Cod. In April, WCR 82b was also evident in both types of frontal maps. The
shelf-slope front associated with the shelf break (at 200 m depth) was not a continuous
feature in space or time in either frontal data set. It appeared most consistently in the July
chlorophyll and April temperature frontal maps from Cape Hatteras to Georges Bank.
A bootstrap method (Efron and Gong, 1983) was used to determine if frontal
frequencies were significant! y greater than zero (discussed in Chan and Yoder,
submitted). Almost none of the frontal regions found were statistically significant at the
68% confidence level; this is largely due to the lack of daily scenes available for a
monthly compositing scheme. A plot of minimum significant frontal frequency as a
function of the number of times a pixel was cloud-free shows that given enough cloudfree occurrences (i.e. more images), all fronts found will be statistically significant,
regardless of frequency (Figure 12). The only change, as the time series lengthens, is the
relative frequency of the fronts. First, this places a lower limit on the time resolution that
is acceptable for a satellite image frontal analysis if one is intent on discussing only
statistically significant fronts: a climatological seasonal time scale works very well, an
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annual study is probably acceptable, but a monthly study is probably not. Secondly, we
believe the monthly frontal regions are worth discussing, because many of the fronts
found here correspond to known oceanographic features, as well as to the fronts found in
a previous climatological study for this region. Under such a circumstance, we feel it is
acceptable to use the frontal results descriptively to point to regions of interest.
To identify temporal trends in the frontal maps and monthly imagery, region-wide
gradients were computed for each month. The spatial gradient for each monthly SST and
CHL map was computed by finding the difference between the means of the highest and
lowest 10% of the values (e.g. gradient= mean(highest 10% SST values) - mean(lowest
10% SST values)). For each monthly frontal map, frontal proportions were expressed as
# frontal pixels (in the entire study region) / # total pixels, i.e. the total proportion of
pixels that contained frontal activity. These calculations were performed to assess
linkages between the large-scale gradient and frontal proportion. Since we were only
interested in relative change in gradient or frontal proportion over time, all values were
expressed in normalized units (Figure 13).
Chlorophyll fronts were most numerous in Apr-May and showed a decreasing
trend through September. The region-wide CHL gradient was twice as high in Apr and
Sep as it was during the intervening months. The number of temperature fronts trended
with the chlorophyll patterns: highest in Apr, with a decreasing trend through the rest of
the summer. The region-wide SST gradient gradually decreased from Apr to Sep. The
co-occurrence of SST and CHL fronts was also greatest in Apr and sharply reduced in
Sep. The region-wide gradients as described here might be considered regional
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'potential' for frontal activity. In most cases, the larger the regional gradient, the more
numerous the frontal regions.

Warm Core Ring 82b-fractal results
Mean fractal dimensions for pairs of CZCS and AVHRR images centered on
WCR 82b on Apr 15, Apr 24, May 7, and Jun 9 showed that CHL and SST obtained
different distributional patterns only in June (Table 2). SST and CHL image fractal
dimensions were different on Apr 15, Apr 24, and May 7, but were the same on Jun 9 (ttest, alpha= 0.05). The SST WCR dimensions ranged between 1.59-1.65, while the CHL
dimensions ranged from 1.63-1.66. Both ranges are lower than those reported for oceanic
zooplankton distribution (~1.85, Tsuda (1995)), indicating that zooplankton variability is
greater than either phytoplankton or temperature variability.

Georges Bank - fractal results
In addition to warm-core rings, Georges Bank showed frontal activity for all
months of the study. The combination of consistently strong tidal mixing and high
primary production and chlorophyll year round on the crest of the bank, along with its
partial 'enclosure' by fronts, leads one to question what might result from a fractal
analysis of CZCS and AVHRR imagery at that location. Six pairs of CZCS/ A VHRR
subimages (daily scenes) were examined, centered on the crest of Georges Bank between
April and September (Figures 14 and 15). For all but one CZCS/AVHRR pair examined,
CHL and SST dimensions were equal (Table 3). In the constant, vigorous mixing regime
of the Georges Bank crest, CHL patterns generally resembled the SST signature, no
matter how high biomass and production levels were. CZCS pigment levels on each
image were consistently higher on the crest than in surrounding water, while surface
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temperatures were on two occasions slightly warmer over the crest than surrounding
water, again pointing to nonlinearities in the CHL-SST relationship.
DISCUSSION

Monthly frontal regions
A major difference in the monthly frontal maps is the relatively diffuse sprinkling
of SST fronts compared to the more discrete and isolated CHL fronts. The dispersion of
SST fronts, particularly in slope waters, indicates they may be more short-lived than the
CHL fronts. The diffuse signal may be due to increased variability between SST
daytime/nighttime fronts, the latter of which are included in the SST frontal analysis, but
not available for the CZCS sensor. A second difference between both frontal maps is the
relative lack of SST shelf fronts, particularly south of Nantucket Shoals. SST fronts are
aligned with parts the shelf-break in most months, but on-shelf fronts are only found in
the CHL maps. The most active on-shelf frontal regions include the Mid-Atlantic Bight,
a region shown to consistently develops CHL fronts in summer (Chan and Yoder,
submitted), and outside the Hudson River Estuary, south of Long Island. This frontal
activity may be due to estuary outflow, the interaction of warm-core rings with shelf
waters, or frontal signals from the subsurface CHL maximum that develops when
stratification sets in.
A major similarity between the SST/CHL frontal maps is the large expanse of
slope water that is absolutely devoid of fronts in July through September. These are the
months of strongest water column stratification; the combination of widespread surface
warming and low biomass levels is sufficient to erase all boundary regions within the
slope water. Another strong similarity is the concurrent location of fronts around WCR
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82b, especially in April and May-a

notable spatial co-occurrence considering the

monthly-composite smoothing of the maps. This exact co-location of the ring prompted
the fractal investigation into more detailed patterns, described below. The co-location of
fronts around Georges Bank is also consistent, particularly around the crest of the Bank in
July and August. Fractal pattern analysis over this region is also described below.
Overall, the frontal analysis showed the greatest number of total chlorophyll
fronts in the entire region in April and May, when slope and shelf biomass levels
contrasted strongly to the Gulf Stream and WCR CHL minima. By June, when slope
water was uniformly low in biomass and even shelf waters remained low in biomass
except in waters< 50 m depth, the number of fronts had fallen by half. Temperature
fronts also decreased from April to June, as shelf and slope waters warmed rapidly. The
decline in frontal regions suggests a homogenization or smoothing of the large-scale
ecosystem pattern. The region-wide, monthly SST and CHL gradients (difference
between highest and lowest temperature and chlorophyll values in a monthly-averaged
map) decreased from April to June, the frontal activity decreased, and mesoscale
phytoplankton patterns gradually took on the shape of the flow field. We conclude that
the more variability there is in the oceanic biophysical environment, the less likely it is
for phytoplankton patterns to be passive tracers.
Warm-core ring 82b
In both the mean monthly and monthly frontal composite images of ocean color
and SST, there was a monthly progression to the appearance of WCR 82b. In April it
appeared quite distinctly as a local biomass minimum and center of frontal activity, in
May it developed a high biomass periphery that was distinct from slope waters while
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harboring a low biomass core, and by June not only did the WCR begin to fade from all
maps (CZCS, AHVRR, and frontal) but it had changed to a local biomass maximum. In
the A VHRR maps, WCR 82b presented as a local temperature maximum in all three
months, showing that surface temperature is more conservative than surface chlorophyll,
and that a simple correlation of the SST-CHL relationship would not have been too
informative.
The fractal dimensions measured for this warm-core ring represent different
partitions of shape, that is, shape found at different 'slices' of the histogram. We assume,
for a given image, that biological or physical pattern should be evident and consistent at
all concentrations or temperatures. It follows that if the dimension is repeatedly
measured in a consistent way, the mean dimension should represent a mean pattern. We
found different dimensions for SST and CHL maps of the ring in April and May, but
similar dimensions in June. We believe these results represent the effects of ocean
processes: when the flow field, represented by temperature distribution, dominates the
phytoplankton field, both images express flow patterns and produce similar shape
statistics (June scenario); when the phytoplankton field is dominated by growth and death
of cells, the two images will diverge in their shapes (April and May). What is the in-situ
evidence for this?
The Warm-Core Rings Experiment generated a wealth of biological, chemical,
and physical data for WCR 82b during spring and summer months; conclusions about
generative mechanisms behind the biomass spatial patterns singled out lateral exchange
processes, or in-situ growth, or a combination of the two, with a disregard for general
consensus. The history of the ring can be briefly traced as follows: It formed in late
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February with an estimated mixed layer depth of 50 m (Bishop et al., 1986) and was
convectively mixed for the next 2 months (Schmitt and Olson, 1985). By April the center
core of the ring showed homogeneous nutrient and oxygen distributions throughout the
thermostad layer, which extended from the surface to 400 m (Fox and Kester, 1986).
Between April and June the ring traveled from south of Georges Bank to Hudson
Canyon, preserving energy and volume (Olson et al., 1985) and avoiding exchange with
the Gulf Stream (Evans et al., 1985). Following a series of storms in April (McCarthy
and Nevins, 1986), stratification was established by early May (Bishop et al., 1986). By
June the mixed layer depth had shoaled to 10 m, the pycnocline appeared at 40 m (Bishop
et al., 1986), and nutrient limitation was indicated by a NO 3 level< 0.1 mmol kg-1 (Fox
and Kester, 1986). During the six months between February and June, mean CZCS chl a
in the core of the ring increased by an order of magnitude.
Within 3 weeks of stratification, biogenic particulate matter (including
phytoplankton, microbes, particulate organic carbon and nitrogen) reached a maximum in
the ring center near the thermocline depth at 20-40 m. Particulate matter concentration
decreased concentrically from the center and contained more dinoflagellates and diatoms,
whereas surrounding water from a shelf streamer that had wrapped around the ring in
June had more unicellular monads and coccolithophores (Nelson et al., 1985). In Nelson
et al. (1985), the argument for in situ growth causing the biomass maximum relies on the
different taxonomic compositions within and outside the ring, as well as their calculation
that the biogenic silica concentration in the ring center was too high to be accounted for
by lateral exchange alone. They note, however, that AVHRR images have shown
entrainment of shelf, slope, and Gulf Stream water onto ring peripheries followed by
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inward spiraling. In reference to this they add that the detritus maximum at the ring
center could only have resulted from concentration by the flow field, since detritus does
not grow. Bishop and Joyce (1986) reported a maximum in suspended particulate matter
(SPM) in the top 50 mat ring center, but lower concentrations in deeper water compared
to deep water outside the periphery of the ring. They pointed to in situ processes as
determining factors of the SPM distribution within the ring. June was the sole month in
our study when the CZCS and AVHRR fractal spatial patterns of WCR 82b were similar,
indicating a pattern correlation between the biomass data and the thermal (flow proxy)
data. This does not contradict Nelson et al.' s or Bishop and Joyce's in situ growth
arguments, because the fractal analysis answered a somewhat different question: it
provided a measure and comparison of pattern, and cannot directly address the question
of how the pattern was achieved. Even so, one can infer the following regardless of how
the various populations reached a maximum: by June 9 the balance between flow and
biological growth was such that the biomass was distributed in a pattern dictated by the
flow field. Implicit in such an inference is the assumption that a strong flow can
redistribute growing cells into a flow-type pattern, but growing cells, even under bloom
conditions, do not redistribute the flow into a growth-type pattern. In June surface waters
to 25 m were nutrient depleted, measuring <0.1 mrnol kg-' nitrate and phosphate and <0.2
mrnol kg-1 silicate (Fox and Kester, 1986). Not only did the strongly stratified conditions
inhibit the introduction of deep nutrients, but it also isolated the surface patterns from
vertical disturbance. We suggest that even if there was no lateral exchange of water into
the ring and all the increased biogenic concentrations were mediated by in situ growth,
the rate of growth was slow enough to allow the flow to dictate or redistribute the
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biological pattern. In other words, surface chlorophyll distribution was dominated by
physical forces.
Storms in April led to surface nutrient enrichment caused by convective mixing;
in late April warm-core ring surface waters contained ~6 mmol kg-1 nitrate and ~0.25
mmol kg-1 phosphate (McCarthy and Nevins, 1986). Chlorophyll profiles of the top 200
m showed evidence of convective overturn on April 22, 23, and 30 (Bishop et al., 1986).
Between April 22 and May 4, nitrate concentrations at ring center progressively
decreased, C and N uptake rates increased, and f-ratios (fraction of total nitrogen uptake
as NO 3 ; an estimate of new production) were high at .62-.66 (McCarthy and Nevins,
1986). CZCS imagery showed a biomass bloom in slope water surrounding the ring in
the second half of April; by early May the slope concentrations began to decrease but the
frontal region around the periphery of the ring developed (or remained at) chl a
concentrations >2 mg m-3 (Figure 3). Shipboard measurements showed that CZCS chl a
during this period was representative of the entire euphotic zone (Brown et al., 1985). All
evidence points toward a high biomass, active growth scenario in slope waters and at the
frontal region of the warm-core ring. The results of fractal analysis for April and May
showed dissimilar biomass and thermal patterns. During these two months our results
were consonant with other conclusions that in situ processes were responsible for
biological distributions. Each one of our images included some high biomass slope
water, especially on April 24 (Figures 2b and 3b), the effect of which is included in the
calculation of the fractal dimension. We propose that the reason why CZCS and AVHRR
patterns are statistically different is because of active phytoplankton growth leading to
high standing crop in the slope water in the second half of April and in the ring frontal
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region in the first week of May. The CZCS fractal index of shape represents rapid
growth patterns, and this index differs from the AHVRR index because the growth occurs
at such a rate and for such a prolonged period that it obfuscates the flow pattern.

Georges Bank
The rapid growth/weakened flow pattern mismatch might not hold, however, in
shallow, energetic environments. In addition to warm-core rings, Georges Bank showed
semi-enclosed frontal structure for all months of the study. Because the mixing over the
crest of the Bank is vigorous and constant, one might expect chlorophyll fractal patterns
to take on the temperature signature no matter how high production or biomass might be.
Such was the case for all but one CZCS/ AVHRR pair examined during spring and
summer months. The consistently similar fractal patterns are all the more compelling
because they occur in spring/summer, when mean winds and convective mixing energy
are at their annual low. This indicates how important the tidal energy component is to the
distribution of phytoplankton. Primary production on the crest of the Bank exceeds 1 gC
m-2 d-1 from February through July, and reaches 2 gC m-2 d-1 in late summer before
falling below 1 gC m-2 d-1 in November (O'Reilly et al., 1987). Despite high levels of
production and the absence of strong wind-induced mixing, phytoplankton in this tidallymixed region do appear as passive tracers of the flow field.
We suggest 3 scenarios concerning the prediction of CHL-SST patterns: 1) a
strong mixing regime leads to similar CHL-SST patterns, regardless of biological activity
(e.g. Georges Bank); 2) a low mixing/high growth regime leads to different CHL-SST
patterns ( WCR 82b surrounded by slope water 'bloom' in April); 3) a low mixing/low
growth/low biomass regime leads to similar CHL-SST patterns (stratified WCR 82b in
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June). In the first scenario, vigorous and continuous tidal mixing redistributes the
actively growing phytoplankton, despite production rates reaching 2 gC m·2 d·' . In the
second scenario, despite intermittent storms in April, high biomass (2 mg m·3) and high
production (~ 1.1 gC m·2 d·'; Bishop et al., 1986) at the WCR periphery and in the
surrounding slope water result in a phytoplankton pattern that does not mimic the
temperature distribution. In the third scenario, summer stratification, moderate biomass
levels(~ 1 mg m·3 at ring center and< 0.5 mg m·3 in surrounding waters), and lowered
production (~0.7 gC m·2 d·'; Bishop et al., 1986) lead to a phytoplankton passive tracer
effect, i.e. biological activity doesn't 'outpace' mixing.
In summary, frontal regions were resolved in monthly composite AVHRR and
CZCS maps using a multi-image edge detection algorithm. CZCS fronts were more
spatially isolated and discrete, while AVHRR fronts were more diffuse. Region-wide,
monthly SST and CHL gradients generally trended with frontal activity; both gradients
and fronts decreased as spring progressed to summer. Fractal models proved capable of
describing SST and CHL patterns in semi-enclosed regions such as a warm-core ring and
the crest of Georges Bank. Three scenarios were suggested concerning the prediction of
SST-CHL patterns: a strong mixing regime leads to similar CHL-SST patterns, regardless
of biological activity; a low mixing/high growth regime leads to different CHL-SST
patterns; and a low mixing/low growth/low biomass regime leads to similar CHL-SST
patterns.
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Table 1. Number of CZCS and AVHRR scenes used in study.
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Table 1. Number of CZCS and AVHRR scenes used in study.

Apr

May

Jun

Jul

Aug

Sep

total

czcs

21

22

14

15

21

17

110

AVHRR

58

85

80

88

77

64

452
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Table 2. WCR mean fractal dimensions D and standard deviations (S.D.) for paired
ocean color (CHL) and sea surface temperature (SST) images on four days in 1982;
means represent sample size of 10 for each image; see text for details. T-test used to
compare CHL and SST dimensions. Other oceanic fractal dimensions are given.
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Table 2. WCR mean fractal dimensions D and standard deviations (S.D.) for paired
ocean color (CHL) and sea surface temperature (SST) images on four days in 1982;
means represent sample size of 10 for each image; see text for details. T-test used to
compare CHL and SST dimensions. Other oceanic fractal dimensions are given.

mean D and (S.D.)
CHL
SST
15 Apr
24Apr
7May
9 Jun

1.65(.03)
1.66(.03)
1.63(.02)
1.63(.03)

t-test for equal means
(a=.05)

1.61(.05)
1.61(.03)
1.59(.05)
1.65(.04)

not equal
not equal
not equal
equal

other oceanic fractal dimensions:
parameter
zooplankton
transect 1
transect 2
transect 3
transect 4
cloud and rain
areas
density
marine snow
(diatom)

mean D and (S.D.)

spatial scale

source

meso-large

Tsuda (1995)

1.35
0.2-0.6 *

meso-large
small

Lovejoy (1982)
Wijesekera (1996)

1.52(.19)

millimeter

Alldredge and Gotschalk (1988)

0.84(.03)*
0.89(.02)*
0.83(.02)*
0.89(.04)*

*Tsuda (1995) reported fractal dimensions for one dimensional ship transect data;
Wijesekera (1996) reported one dimensional profile data. Assuming horizontal isotropy,
comparable 2D dimensions are 1D dimension+ 1.0
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Table 3. WCR mean fractal dimensions D and standard deviations (S.D.) for paired
ocean color (CHL) and sea surface temperature (SST) images of Georges Bank in
spring/summer; means represent sample size of 10 for each image; see text for details. Ttest used to compare CHL and SST dimensions.
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Table 3. WCR mean fractal dimensions D and standard deviations (S.D.) for paired
ocean color (CHL) and sea surface temperature (SST) images of Georges Bank in
spring/summer; means represent sample size of 10 for each image; see text for details. Ttest used to compare CHL and SST dimensions.

Date

mean D and (S.D.)
SST
CHL

13 Apr '82
10 May '80
1 Jul '83
2 Jul '82
26 Aug '82
20 Sep '84

1.65(.06)
1.67(.03)
1.64(.04)
1.64(.04)
1.66(.05)
1.65(.04)

t-test for equal means
(a= .05)

1.62(.08)
1.61(.05)
1.59(.06)
1.61(.06)
1.63(.04)
1.65(.03)

equal
not equal
equal
equal
equal
equal
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Figure 1. Map of study area extending from 33N to 44N and from 76W to 62W.
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Figure 2. AVHRR images of sea surface temperature at warm-core ring 82b on a) 15
April (~290 km 2), b) 24 April (~480 km2), c) 7 May (~130 km x 170 km), and d) 9 Jun
(~150 km x 130 km). Colorbar on right has units of 0 C.
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Figure 3. CZCS images of phytoplankton pigments at warm-core ring 82b on a) 15 April
(~290 km 2), b) 24 April (~480 km2), c) 7 May (~130 km x 170 km), and d) 9 Jun (~150
km x 130 km). Colorbar on right has units of mg chl/m3 .
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Figure 4. Histogram of temperature values of warm-core ring 82b on 9 Jun showing
mean (16.8 °C) and limits of 1 S.D. (16 and 17.8 °C).
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Figure 5. Black and white example representations of temperature patches at warm-core
ring 82b on 9 Jun following the patch-defining procedure explained in the methods.
Image size ~150 km x 130 km. Fractal dimension D = a) 1.58 b) 1.66 c) 1.67 d) 1.70.
Subplots progress from lower to higher temperature patches.
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Figure 6. Same as Figure 5 but for chlorophyll patches. Fractal dimension D = a) 1.66 b)
1.66 c) 1.63 d) 1.65. Subplots progress from lower to higher chlorophyll concentrations.
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Figure 7. A perimeter-area plot in log coordinates for AVHRR image of WCR 82b on 9
Jun 1982. N=72, fractal dimension= 1.68, r2=.98. The largest patch size was~ 1000
km2.
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Figure 8. Monthly mean 1982 AVHRR sea surface temperature distributions, mapped to
study area shown in Figure 1, for a) April, b) May, c) June, d) July, e) August, and f)
September. Land, 50, and 200 m isobaths in black. Colorbar on right has units of °C.
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Figure 9. Monthly mean 1982 CZCS pigment distributions, mapped to study area in
Figure 1, for a) April, b) May, c) June, d) July, e) August, and f) September. Land, 50,
and 200 m isobaths in black. Colorbar on right has units of mg chl/m3 .
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Figure 10. Monthly composites of temperature fronts in 1982, mapped to study area in
Figure 1, for a) April, b) May, c) June, d) July, e) August, and f) September. Land, 50,
and 200 m isobaths in black. Colorbar on right has units of %.
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Figure 11. Same as Figure 10 but for chlorophyll fronts
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Figure 12. Curve describing minimum frontal frequency at a given pixel that is
significantly greater than zero as a function of the number of times the pixel was cloudfree. Bars are 68% confidence intervals. The greater the number of clear instances (i.e.
number of images available), the lower the frontal frequency that is significant.
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Figure 13. Trends in temperature and chlorophyll region-wide gradients and number of
fronts for April through September. All parameters plotted in normalized units.
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Figure 14. AVHRR images (~100 km xlO0 km) centered on Georges Bank for a) 13 Apr
1982, b) 10 May 1980, c) 1 Jul 1983, d) 2 Jul 1982, e) 26 Aug 1982, and f) 20 Sep 1984.
Colorbar on right has units of °C.
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Figure 15. Same as Fig. 14 but for CZCS. Colorbar on right has units of mg m-3 .
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Appendix A: Introduction
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The work herein addresses heterogeneity in ocean temperature and phytoplankton
distributions. Its main motivation is to use the enormous remote sensing database to
develop a spatial pattern analysis which in tum is used to characterize ecosystem
phytoplankton variability. Such variability is immediately apparent in a single satellite
image off the U.S. northeast coast of the plant pigment chlorophyll a, a proxy
measurement of phytoplankton biomass (Figure 1). Scales of variability range from
large-in

the sharp division between slope waters to the north and Gulf Stream to the

south; to medium-in

the shape of eddies, rings, and filaments; to small-scale, evident at

greater magnification. The complexity of structure is evident and serves as the inspiration
for developing a quantitative pattern assessment.
Historically, in situ measurements have provided information on the horizontal
variability of chlorophyll in the spatial range of meters to tens of kilometers. Satellite
results fall into the spatial range between 1 m and thousands of kilometers. Satellite data
is best suited for meso- to large-scale studies of variability, because the smaller scales
cannot be resolved. Smith et al. (1988) found 3 different slopes on a power spectrum for
the variability of chlorophyll between 1 m and thousands of kilometers. The spectrum
schematically combined in situ and satellite results. The changes in the slope of the
spectrum occurred at 1 km and again at 10 km, indicating changes at these length scales
in the processes underlying the variability. Satellite analysis can detect the putative
changes at the 10 km but not at the 1 km scale.
In Chapter 1, seasonal climatologies of sea surface temperature and
phytoplankton biomass frontal regions are presented for the U.S. northeast ecosystem
from the Gulf of Maine to Cape Hatteras, North Carolina. Fronts are boundaries that can
117

separate regions of different biological and physical properties, and as such are important
structural elements. A partial classification of fronts might include tidal or shallow-sea
fronts (influenced by the movement of tides from deep to shallow water), shelf-break
fronts (occurring where the continental shelf and slope meet), upwelling fronts (related to
the injection of cold, nutrient-rich cold water into the surface layer), estuarine and plume
fronts (where freshwater meets marine water), and fronts associated with topography such
as islands and submarine banks (Mann and Lazier, 1991). Spatial heterogeneity is
evident in the distribution of fronts across the continental shelf and slope waters and the
Gulf Stream, while temporal variability is witnessed as winter storms and mixing give
way to high phytoplankton production in spring and water column stratification in
summer. Temperature and phytoplankton fronts are correlated to isolate regions and
seasons where the two types of fronts concur, and an attempt is made to explain the
presence or absence of concurrent fronts.
In Chapter 2, the scale of interest shifts to mesoscale (10s-1 00s kms; daysmonths ). Frontal regions in the temperature and phytoplankton satellite maps are
described on a monthly basis for spring and summer months. Based on the results of the
frontal analysis, semi-enclosed or isolated regions were identified and used to test some
fractal theories, namely, that patch shapes found in the temperature and phytoplankton
maps could be described with fractal models, and those shapes would converge under
certain biological and physical criteria. Appendix B presents the fractal theory in more
detail, and discusses methods for defining what constitutes a patch in a continuouslyvarying two-dimensional regime. The rest ofthis section describes remote sensing theory
and the satellite platforms in more detail.
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The Coastal Zone Color Scanner (CZCS) was a space-borne NASA sensor that
provided estimates of ocean surface phytoplankton pigment concentration (chlorophyll a
plus phaeophytin) from 1978-1986. CZCS values are used as a proxy for phytoplankton
biomass; high biomass areas in the ocean are often regions of high production and
growth. Photosynthetic pigments, the most important of which is chlorophyll a,
preferentially absorb blue light and are neutral in green wavelengths. The amount and
wavelength of light that passes up through the water and surface (Lw,water-leaving
radiance) is partly controlled by optically significant components of the underwater light
field, such as phytoplankton pigments. Most of Lworiginates from the depth at which
downward irradiance (light from the atmosphere through the water surface) falls to 37%.
This depth is proportional to the amount of pigment in the water, and represents the depth
of effective sensor penetration. In the blue wavelengths, this depth ranges from 40 m at
0.04 mg m-3 pigment concentration, to <lm at 40 mg m-3 (Gordon and Morel, 1983). In
the entire visible spectrum (photosynthetically active radiation), estimates of sensor
penetration are 33 min the Sargasso Sea and 0.5 min the Hudson River estuary (Kirk,
1994, Table 6.1). After removing the portion of radiance produced by the atmosphere
(~90%) from the signal (Gordon and Clark, 1981), surface layer estimates of
phytoplankton pigments were derived with a spatial resolution of 1 km 2 and a sensor
accuracy of+/- 30%. Even though CZCS chlorophyll estimates represent only a fraction
of the total vertical distribution, in situ data show a fairly constant proportionality
between total water column and satellite estimates (Campbell and O'Reilly 1988).
The AVHRR is a space-borne infrared radiometer that detects thermally emitted
radiation (temperature) from the ocean skin surface(+/- .2 - .5 C accuracy) at 1 km
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resolution. Infrared wavelengths are chosen because there the attenuation of radiation
due to the atmosphere is small. The sea surface temperature distribution influences
ocean heat fluxes, circulation, and sea water density. Radiometric temperature is
modeled using a linear algorithm, in which satellite-derived temperature is proportional
to radiometric brightness temperature at specific infrared wavelengths. Satellite-derived
values are calibrated with in situ measurements from ships and buoys giving ocean bulk
temperatures down to 10 m depth (Njoku and Brown 1993) and quite often provide good
estimates of mixed-layer temperature.
The unprecedented synoptic coverage provided by satellites sets the stage for a
two-fold spatial pattern analysis: a frontal investigation to define persistent ecological
boundaries, and a fractal investigation to quantify phytoplankton and temperature
patterns. The goal in both investigations is the same: to find similarities and
dissimilarities in the biological and physical maps, over time and over space, and to use
the comparative results to further an understanding of ecosystem variability.
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Figure 1. CZCS image on 10 May 1981 showing different scales of variability in
chlorophyll a distribution. Mapped to same area as Figure 1, Chapter 1.
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12.3

Appendix B: Fractal analyses for comparing 2-D spatial patterns
in SST and CHL images
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This section describes some fractal equations and the different methods employed
in the search for patch definitions in ocean color and sea surface temperature maps. In
both types of map, the parameter of interest is continuously-varying, that is, each pixel
contains some value of chlorophyll, no matter how small, and of course all pixels have a
temperature. The only precedent for drawing lines to enclose patch objects in remotelysensed imagery comes from a study of cloud and rain areas (Lovejoy, 1982), where cloud
outlines were arbitrarily defined by a temperature cutoff point. No sensitivity studies
were reported to show how results may have differed if a different cutoff point were
chosen to define cloud areas. The discussion presented here was motivated by the
importance of testing fractal methods for robustness.

1. Fractal equations
A fractal is an object whose form is irregular or fragmented at all scales
(Mandelbrot 1983). The concept of fractal geometry is applied to describe the shapes of
natural objects, which are decidedly irregular and non-Euclidean. A measure of complex
shapes is defined by a dimension D:

(1)

D = lim ( -logL(d)
"➔ 0
log(d)

)

where
d = scale at which measurement is made
L = total length of object
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As smaller measurement scales are used, more small scale structure is found

'

analogous to scrutiny under greater magnification. Total length L increases as a function
of decreasing measurement scale until a dimension is defined at the limit (Mandelbrot
1983). In Euclidean geometry, a line or curve has a dimension of 1, a plane has a
dimension of 2. A fractal curve is convoluted and space-filling; because it takes up more
space than a straight line but does not fill an entire plane, its dimension is a fraction
between 1 and 2. The key to fractal behavior is a self-similar, nested irregularity, where
self-similarity can be described as pattern distribution on a logarithmic scale. A larger D
indicates more irregular shape; smaller D indicates smoother shape. Because fractals are
scale-invariant, a measure of D provides information about shape at all scales. The
algebraic expression of eq (1) is:

where length L scales as -D and k is a constant. For satellite pixel images, the following
modification is made:
(3)

Ar D/2
.
P enmeter = ea

Equation (3) is intuitively simple and easy to calculate. For a complex curve, the
perimeter is somewhat greater than the square root of the area. On a double-log plot, the
slope of the regression line is ½ the fractal dimension. As the dimension approaches 2,
the perimeter curve fills more space and its value approaches the area. Some examples of
shapes from 2D satellite images and their fractal dimensions are shown in Figure 1.
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2. Lessons learned from applying fractal techniques to satellite imagery
Some important considerations to make when conducting spatial analyses on
satellite data include the avoidance of 'pseudo-shape', or unwanted shape. For example,
in choosing a study area from a given satellite image one is limited to areas that are
cloud-free, since clouds and their edge effects produce shapes on the 2D image that are
not linked to the temperature or ocean color patterns in question (Figure 2). This
eliminates a considerable proportion of each scene, and lessens the amount of contiguous
area that is available for study. One immediate shortcoming is that it is rarely possible to
conduct large-scale pattern analyses of this type on images derived from single
observations. Land pixels should also be avoided, since a coastline or islands have
specific shapes that will confuse the ocean pattern information if included in the spatial
statistics (Figure 3).
Oftentimes noise (land, cloud, sensor irregularities) is reduced by pre-applying
filters to an image, resulting in a smoothed map. This may not be an ideal approach for
pattern analysis for two reasons. First, in the spatial domain, ocean color images usually
show much more small-scale variability than corresponding temperature images (Figures
4a and Sa). If pre-filtering techniques are used before pattern analysis, much of the ocean
color variability disappears, while the temperature field, which is smoother to begin with,
does not change as much (Figures 4 and 5). Spatial filtering acts as a translation step that
works differently on each data set. Second, temporal averaging, e.g. to achieve a monthly
composite, produces the same smoothing effect with the same discrepancy between the
two data sets. One can easily envision that the more images used to create a composite,
the smoother the contours will become. It might be informative to track how quickly the
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CHL-SST contours smooth out over the course of a week, month, or season, but the
problem with the current data sets is the satellite sampling difference: CZCS provided
10-20 scenes per month, while AVHRR provided 60-100. A monthly AVHRR average
incorporates much more information than the corresponding CZCS average. For these
reasons it is advisable to use daily images, unfiltered. On an ancillary note, it is also best
to match up each daily image pair as closely as possible in time. For the image analyses
presented in Chapter 2 and here in the Appendix, CZCS and A VHRR satellite passes, or
collection times, were co-registered to within a few hours of each other.
Patches consisting of a single pixel (in this study, ~2km x 2km) often occur in the
images, usually more often in the chlorophyll images (Tables 1 and 2), whereas the
smoother temperature patches generally are larger and show higher connectivity. The
single pixel patchiness is an indication of small scale variability in the chlorophyll
distribution, and as such is an indication of pattern. All pixels, however, are square, with
a 4: 1 perimeter-to-area ratio, and a large proportion of single pixel patches in an image
will effectively result in a slightly lower slope on the perimeter-area plot, thus a lower
dimension. The validity of single or few pixel patches has been questioned in landscape
pattern analysis by Milne (1991), who advised setting a minimum patch area cutoff point
of ~6km 2 to use when computing dimensions for land satellite images. Land sensors
usually provide finer resolution data (1Os to 100s m) than the ocean satellites however,
and as a result the elimination of small patches in the ocean data sets constitutes a
significant fraction of the total number of patches. Application of the recommended
cutoff point to CZCS and AVHRR images would only remove single pixels, a step that
was not included in the fractal analysis of Chapter 2. Removal of single pixel patches
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would more strongly affect the chlorophyll than the temperature fractal dimension index
of shape, as well as remove the small scale variability that distinguishes the chlorophyll.
Even with single pixel patches removed, fractal dimension was found to decrease by only
~ 0.02.
One final consideration concerns where to draw the boundaries of the study area.
If cloud coverage is low for a given pair of CZCS-A VHRR images, is it best to simply
use the largest areal extent possible for analysis? The answer depends on where the
natural populations are in the image, and this is a question that is best answered with
histograms and the frontal analysis used in Chapters 1 and 2. A warm-core ring, e.g.,
contains a natural, coherent phytoplankton population-the

ring center consists of

Sargasso Sea water whose phytoplankton assemblages remain fairly isolated from
surrounding waters at least for several weeks. If the study area is drawn around the ring,
a histogram of all the chlorophyll values will be approximately log-normally distributed
(Figure 6), and it is simple to establish statistical measures with which to guide the patch
definition procedure, which is detailed in the next section. If, however, a study includes
slope water and a section of the Gulf Stream as well, the histogram of chlorophyll values
will be bi-modal (Figure 7). The resulting mean and standard deviation values will be of
limited use, as will a statistically-based patch defining method. The edge detection
algorithm used in Chapters 1 and 2 (Cayula and Cornillon, 1995) mitigates the problem
by identifying quasi-enclosed or contained regions and drawing fronts around them.
Thus in Chapter 2 the decision for choosing a warm-core ring and the crest of Georges
Bank for fractal analysis was guided by the results of the edge detection.
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3. Alternate methods for patch definition
The crucial problem is finding an objective, robust patch definition for a given
chlorophyll or temperature map. In the ocean where phytoplankton biomass and
temperature exists in continuous gradients, how can spatial boundaries be defined such
that they convey something meaningful about the biological population? In other words,
what guidelines should be followed in drawing boundaries around a phytoplankton or
temperature 'patch'? The process involves reducing an image with 256 values (8 bit) to
one with only 2 values (1 bit), where a pixel value of 1 represents a patch pixel, and 0
represents a non-patch pixel. Once a patch is defined, an image is transformed into a
binary geometric field of patches where white areas are patches and black areas represent
the background space separating them (e.g., Figure 1).

At this point a determination of

fractal dimension is straightforward. Four suggestions for patch definition and potential
problems involved are given in this section; the final suggestion is the one used in
Chapter 2.

3. I. a patch consists of contiguous pixel values> I SD. above the mean
This first method defines patches statistically, where all pixels with values greater
than 1 SD above the mean concentration (or temperature) in a scene belong to a patch
(Figure 8). This works well if the chlorophyll is lognormally distributed, which is often
the case if an entire 'population' has been captured in the study area, or if no sharp fronts
are included. The rationale for choosing the high chlorophyll values in an image for
shape analysis is informed by the viewpoint that high biomass areas are of greater
biological interest-often

high biomass corresponds to high primary production and can
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indicate the location of phytoplankton 'blooms' or upwelling regions, where subsurface
nutrient-rich waters are brought into the euphotic zone and support primary production.
PROBLEMS: The major problem is the difficulty in determining what the temperature
values> I S.D. correspond to; there is no corresponding rationale to investigating the
shapes of high temperature regions, and even less of one for comparing these regions to
high chlorophyll regions. There is no simple linear relationship between chlorophyll and
temperature-cold

water may correspond to high chlorophyll if the water comes from

deeper, nutrient-rich layers, and if those nutrients have contributed to the high chlorophyll
levels, but this is not always the case. It is just as tenuous to link warm water to low
chlorophyll levels by arguing that warm surface waters are generally depleted in
nutrients, and cannot support high biomass levels. On monthly or seasonal time scales
these trends might prove true, but there is too much variability in the daily images to
make such assumptions.
3.2 a patch is a set of contiguous pixel values> 1 mg m-3_

Many CZCS scenes did not contain high chlorophyll values even at 1 S.D. above the
mean; the second method identifies a fixed concentration to isolate patches above 1 mg
m-3 . In remote sensing oceanography 1 mg m-3 chlorophyll concentration is often used to
estimate the global location of eutrophic waters, with mesotrophic waters containing an
order of magnitude less chlorophyll (0.1 - I mg m-3), and oligotrophic waters a second
order of magnitude less (0.01 - 0.1 mg m-3). In addition, the climatological mean in situ
biomass level for the study region of the northeast U.S. coast waters was found to be 1
mg m-3 (O'Reilly and Evans-Zetlin, 1998). As a result this cutoff point results in more
patches to analyze than the 1 S.D. cutoff.
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Since the patch definition is chlorophyll-based, one still must find a method to
define patches in temperature images for a comparative patch analysis. To begin, one can
identify the location of the chl pixels with values> 1mg m-3,and plot a histogram of the
temperature values found at the same locations. This histogram can be compared to the
temperature histogram of the full scene (all pixels included) to determine if there are any
patterns to the temperature distribution of eutrophic areas. If, e.g., 1mg m-3 chlorophyll
pixels consistently correspond to a certain portion of the histogram, then that range of
temperature values can be used to define temperature patches.
PROBLEMS: There typically was no pattern in the temperature histograms containing
values corresponding to high chlorophyll pixel locations (Figure 10), leaving the CHLSST comparative shape problem unsolved.
3. 3. a patch is a set of contiguous pixel values within the top x% of the
chlorophyll or temperature range

In this method patches are defined as all pixel values that fall within, e.g., the top
10% of the range of concentrations in an image. It does not matter what shape the
histogram takes on, one can take advantage of the paucity of cloud-free coverage and
draw the boundaries of a study area almost anywhere within a clear zone.
PROBLEMS: Shape indices such as patch number and fractal dimension vary by as
much as 30% depending on what xis chosen. For example, a 250 km X 250 km
chlorophyll image can have 17 patches and a dimension of 1.19 when the top 10% of the
chlorophyll pixel values are used to define a patch, or 193 patches and a dimension of
1.61 when the top 50% of the chlorophyll values are used (Figure 9). In addition, there is
no readily identified range of% values over which the number of patches and/or
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dimension remains steady, making it difficult to find a standard percentage value to use
as a cutoff point. A second problem, again, is determining to what temperature values the
top x% chlorophyll values correspond.
3. 4 a patch is defined by a range of values to be determined from the image mean
value +/- 1 standard deviation.

This is the method used in Chapter 2, and it seems to provide the most consistent
results. A statistically-based method was used to determine ranges of values within
which patches are found. The low end of the range was defined as one standard deviation
below the mean for the image; the high end of the range was mean plus one standard
deviation (Figure 4). The range was the further divided into 10 equal increments, which
represented the cutoff values within which pixels were defined as patch pixels. An image
has 10 patch definitions, in effect, resulting in the measurement of 10 dimensions, which
were averaged to produce a final D for that image.
For example, for an SST image with mean temperature of 16.8°C and S.D. of
0.8°C, define a range of 16.0 - 17.6, with increments of 0.16 (Figure 11). For the first
generated binary (black and white) image, all patch pixels contain those SST values
between 16 and 16.16. The second binary image has patches containing SST values
between 16.16 and 16.32, etc. The same procedure was used to generate binary CHL
patch mosaics. After creating the binary images but before computing D, patches that
touched the edge of the image were removed, since the complete shape of those are
unknown. A patch consisted of a set of contiguous (8 pixel neighborhood) pixels with a
value of 1. Ten black and white binary images were thus generated for the original SST
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image, and a dimension measured for each one (e.g. Figure 12). The average of those 10
D values was reported as the SST dimension, which was compared to the similarly
averaged CHL dimension using at-test to determine if the means were equal. Note that
the emphasis of this comparison is the similarity or dissimilarity of the dimensions of
each image pair, rather than the absolute values of the fractal dimensions. All computed
dimensions for the warm-core ring and Georges Bank studies in Chapter 2 are presented
in Tables 1 and 2, respectively.
This method effects a comparison between phytoplankton and temperature
distributions by applying the same statistically-defined rules to both data sets, and allows
a test of the hypothesis that two objects whose shapes are quantified by two different
fractal dimensions were formed by different processes. The fractal dimensions measured
here represent different partitions of shape, that is, shape found at different 'slices' of the
histogram. The method assumes that biological or physical pattern should be evident and
consistent at all concentrations or temperatures. It follows that if the dimension is
repeatedly measured in a consistent way, the mean dimension should represent a mean
pattern. The null hypothesis that patches generated using this method are random, rather
than represent biological or physical shape, is argued against by 2 observations: the
patterns in the binary images, containing 'patches', resemble the patterns found in the
original satellite image (e.g. Figure 8 and Figure 12); and the resulting fractal dimensions
are well constrained, ranging from~ 1.6 to 1.7, not randomly spread between 1.0 and 2.0,
which covers the possible range of dimensions measured on a 2-D plane.
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Table 1. Fractal results of warm-core ring 82b study. Average fractal dimension and %
of single patches are given for paired CHL-SST images. T-test results show whether
CHL dimensions were similar to SST dimensions.
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Table 1. Fractal results of warm-core ring 82b study. Average fractal dimension and %
of single patches are given for paired CHL-SST images. T-test results show whether
CHL dimensions were similar to SST dimensions.

date

mean D and (S.D.)

t-test for equal means

%single patches

CHL

SST

(a=.05)

15 Apr 82

1.65(.03)

1.61(.05)

not equal

65

48

24 Apr 82

1.66(.03)

1.61(.03)

not equal

62

49

7 May 82

1.63(.02)

1.59(.05)

not equal

60

47

9 Jun 82

1.63(.03)

1.65(.04)

equal

65

55
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CHL

SST

Table 2. Same as Table 1, but for Georges Bank study.
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Table 2. Same as Table 1, but for Georges Bank study.

date

mean D and (S.D.)

t-test for equal means % single patches

CHL

SST

(a=.05)

13 Apr 82

1.65(.06)

1.62(.08)

equal

64

49

10 May 80

1.67(.03)

1.61(.05)

not equal

52

56

1 Jul 83

1.64(.04)

1.59(.06)

equal

60

59

2 Jul 82

1.64(.04)

1.61(.06)

equal

59

56

26 Aug 82

1.66(.05)

1.63(.04)

equal

64

50

20 Sep 84

1.65(.04)

1.65(.07)

equal

59

69
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CHL

SST

Figure 1. Some examples of shapes from satellite images and their fractal dimensions.
Patches are white; background is black. a) smooth patches with large area:perimeter
ratios, D=l .26 (~200 km2); b) irregular patches with lower area:perimeter ratios, D=l .59
(~200 km 2); c) highly irregular patches, D=l.73 (~130 km2).
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Figure 2. AVHRR image from 9 June 1982, depicting a meander from the Gulf Stream
(yellow-green areas). The effect of clouds is seen in the purple blotches in the lower left
corner, and the diffuse blue streak covering the far right side. Image is - 300 km x 260
km.
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Figure 3. AVHRR image from 9 June 1982, depicting the continental shelf off Hudson
Estuary. The blue mass on the left is land; the blue arm across the top is Long Island.
Bottom right comer purple mass is due to cloud contamination. Image is ~ 160 km x 220
km.
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Figure 4. CZCS image from 24 April 1982, depicting a warm-core ring, unfiltered (top)
and after applying a median filter (bottom). Image is~ 240 km x 240 km.
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Figure 5. AVHRR image from 24 April 1982, depicting the same warm-core ring as
Figure 4, unfiltered (top) and after applying a median filter (bottom). Image is~ 240 km
X

240 km.
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Figure 6. CZCS image from 9 June 1982, depicting a warm-core ring (top) and a
histogram of its chlorophyll values (bottom). X-axis is logarithmic chlorophyll; y-axis is
number of samples. Image is ~ 150 km x 130 km.
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Figure 7. CZCS image from 24 April 1982, depicting a frontal region between slope
water (high chlorophyll) and the Gulf Stream (low chlorophyll) (top) and a histogram of
the log its chlorophyll values showing the bi-modal distribution (bottom). Image is~ 200
kmx200km.
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Figure 8. CZCS image from 9 June 1982, depicting a warm-core ring (top) and all pixels
in white that contain chlorophyll values> 1 S.D. above the mean (bottom). Image is
~150 km

X

130 km.
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Figure 9. Changes in fractal dimension as% cutoff limit is varied for a CZCS image
~250 km x 250 km. A cutoff of 10% means that all chlorophyll values in the top 10%
were included as patches. Numbers next to the'+' signs indicate how many patches
resulted from choosing each cutoff limit. Calculated dimensions range from 1.2 to 1.6.
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Figure 10. Temperature histograms for an entire study area, as well as for only those
pixels that correspond to the location of chlorophyll pixels> 1 mg m·3 . X-axis shows
temperature (°C); y-axis shows number of counts. a) SST histogram for the study area on
15 April 1982 and b) SST histogram of those pixels that spatially match the location of
chlorophyll pixels> 1 mg m·3 . Sarne for c) and d) but for 9 June 1982. Note that for 15
April, the SST pixels corresponding to 1 mg m·3 come from the colder half of the
histogram, whereas for 9 June, they come from the warmer half.
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Figure 11. Histogram of temperature values of a warm-core ring on 9 June 1982 showing
mean (16.8 °C) and limits of 1 S.D. (16 and 17.8 °C).
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Figure 12. Black and white example representations of temperature patches at a warmcore ring on 9 Jun 1982 following the patch-defining procedure explained in Section 3.4.
Fractal dimension D = a) 1.58 b) 1.66 c) 1.67 d) 1.70. Subplots progress from lower to
higher temperature patches; images are~ 300 km x 260 km.
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